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minate	growth.	Our	 life‐history	model	 concerns	high‐latitude	marine	 copepods	
living	in	a	strongly	seasonal	environment.
3.	 We	 find	 that	 small	 changes	 in	 season	 length	 and	mortality	 rate	 translate	 into	
abrupt	shifts	in	lean	body	mass	(a	proxy	for	body	size).	Body	size	shifts	are	caused	
by	a	change	from	multi‐	to	uni‐	and	semivoltine	 life	cycles	with	semivoltine	 life	
histories	 selected	 for	 in	 short	 seasons	and	only	 if	background	mortality	 is	 low.	
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determinate	 growers	 as	 they	 limit	 time	 available	 for	 growth.	 Season	
length	defines	 the	period	of	 resources	 acquisition	and	mortality	de-
termines	 life	expectancy.	Elevated	background	mortality,	 that	 is,	 the	
unavoidable	core	part	of	the	death	process	that	occurs	independently	










sity	of	 the	group	where	some	species	spend	several	years	 in	 the	 ju-
venile	period,	such	as	the	high‐latitude	copepod	Calanus hyperboreus,	
wood	 feeding	 beetles	 of	 Cerambycidae	 or	 arctic	 moths	Gynaephore 
spp.	 (Hirche,	 1997;	Morewood	&	Ring,	 1998;	Walczyńska,	Dańko,	&	
Kozłowski,	 2010).	 Such	 semivoltine	 (i.e.,	 with	 juvenile	 period	 longer	
than	 1	year)	 determinately	 growing	 arthropods	 are	 represented	 by	
thousands	of	species	of	crustaceans	and	insects;	many	members	of	co-
pepods	(Copepoda),	damselflies	(Odonata),	mayflies	(Ephemeroptera),	
butterflies	 (Lepidoptera),	 beetles	 (Coleoptera)	 and	 stoneflies	 (ple-





selflies Coenagrion johanssoni and C. pulchellum	(Śniegula,	Johansson,	&	
Nilsson‐Ortman,	2012;	Śniegula,	Nilsson‐Ortman,	&	Johansson,	2012)	
or	copepods	Calanus glacialis and Calanoides acutus	(Daase	et	al.,	2013;	
Tarling,	Shreeve,	Ward,	Atkinson,	&	Hirst,	2004).	 In	only	a	couple	of	
theoretical	studies	considering	time	constraints	as	triggers	of	life‐his-






Many	uni‐	 and	 semivoltine	 arthropods	 gather	 excessive	 lipid	 re-
serves	 to	 cover	 costs	 of	 overwintering	 and	 to	 contribute	 to	 future	
reproduction	 (capital	 breeding)	 (Conover,	 1988;	 Kivela,	 Valimaki,	
Carrasco,	Maenpaa,	 &	Manttari,	 2012;	 Tammaru	 &	Haukioja,	 1996;	
Varpe,	 Jørgensen,	Tarling,	&	Fiksen,	2009).	Reserves	may	constitute	
significant	parts	of	the	body	and	even	influence	adult	mobility,	as	 in	
flightless	 female	 winter	 moths	 (tribe	 Operophterini,	 Geometridae)	
in	which	egg	 load	created	 in	the	 juvenile	stage	 impede	flight	perfor-
mance	 (Snaell	 et	al.,	 2007).	Adult	 size	 in	 semi‐	 and	univoltine	deter-
minately	growing	arthropods	is	an	outcome	of	allocation	of	resources	




























rate	 changes	 together	with	 season	 length.	The	presented	 results,	 in	
particular	regarding	optimal	size,	reserves	and	reproductive	strategy,	
are	relevant	to	a	number	of	determinately	growing	arthropods.
2  | MATERIAL S AND METHODS
2.1 | Model organisms
Herbivorous	zooplankton	species	are	 ideal	 for	 life‐history	 investiga-
tions	focused	on	time	constraints	and	the	trade‐off	between	growth,	
storage	and	 reproduction.	They	are	exposed	 to	 strong	variability	 in	
season	length	as	their	primary	food	source,	marine	algae,	is	available	
for	a	 limited	 time	period.	For	marine	copepods,	 the	duration	of	 the	
feeding	season	 (season	 length)	declines	 the	higher	 the	 latitude	 (Leu	
et	al.,	 2015).	Mortality	 risk	 also	differs	 between	populations	 as	 fish	
abundance,	and	light	conditions	vary	between	high	and	low	latitudes	
(Langbehn	&	Varpe,	2017).	Our	 life‐history	model	 is	 inspired	by	the	
interspecific	 differences	 in	 adult	 size,	 lipid	 reserves	 and	 reproduc-
tive	 mode	 (income‐capital	 breeding)	 within	 calanoid	 copepods	 of	
the	genus	Calanus	 spp.	 (Varpe,	2012).	The	copepod	species	Calanus 
finmarchicus, C. glacialis and C. hyperboreus,	 constitute	 the	 dominant	
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second,	third	or	fourth	year	of	life	whereas	small	C. finmarchicus from 




perboreous and C. glacialis	 can	breed	over	more	 than	1	year	 (Hirche,	
2013;	Kosobokova,	1999).	The	life	cycle	of	calanoid	copepods	involves	










The	 model	 focuses	 on	 optimal	 annual	 routines	 (cf.	 Houston	 &	
McNamara,	1999;	McNamara	&	Houston,	2008),	that	is,	a	set	of	ac-



















garding	 trends	 in	 body	 size	 and	 voltinism	were	 not	 qualitatively	 af-
fected	 if	 the	assumed	rates	of	physiological	processes,	 for	example,	
resource	assimilation	or	maintenance	costs,	changed.
2.3 | Seasonal fluctuations of food availability, 
temperature and offspring value
Years	 in	 the	modelled	environment	are	divided	 into	360	days,	and	
seasonality	 is	 driven	 primarily	 by	 food	 availability	 f	 but	 also	 by	























Immature k = 3Adults k = 4
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changes	in	water	temperature	T	(Figure	2a).	To	keep	our	model	easy	
to	 follow,	we	 assumed	 that	 food	 availability	 f,	 represented	 by	 the	
carbon	mass	of	phytoplankton,	 is	constant	across	the	feeding	sea-





2.4 | Life history: development and physiology
Copepods	 of	 Calanus	 spp	 undergo	 complex	 development	 with	
eleven	instars	preceding	the	adult	stage.	We	model	the	life	history	
of	a	 female	copepod,	 from	egg	to	adult,	 for	simplicity	divided	 into	
four	functional	stages	k ∊	{1,	4}	(see	Figure	1,	Table	1).	Growth	and	
development	in	stages	k = 1 and k = 2	(hereafter	“egg”	and	“juvenile”	






mass x [μg	carbon]	(body	size	or	 lean	body	mass	hereafter)	and	im-
mature	and	adult	organisms	(k = 3 and k = 4)	can	build	reserves	y [μg	
carbon].	These	most	developed	stages	are	able	to	migrate	between	
the	feeding	habitat	of	surface	waters	(active	phase)	and	a	refuge	at	
depth	 (diapause)	 (see	Figure	1)	 (e.g.,	Hirche,	1997).	 In	 the	 two‐first	
functional	stages	(k = 1 and k = 2),	the	lipid	reserves	are	not	explicitly	
modelled.
To	 define	 net	 resource	 gain	 G [μg	 carbon∙individual−1 day−1],	
we	 used	 literature	 data	 on	 food	 level‐dependent	 assimilation	 rate	
A(f)	 and	maintenance	 costs	M	 to	parameterize	mass‐specific	 rates	
[μg	 carbon∙μg	 carbon−1 day−1]	 (Supporting	 Information	 Appendix	
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with	 Q10 = 2.5 and b	 set	 to	 0.75	 (see	 Supporting	 Information	
Appendix	S1).
2.5 | Mortality rate
The	probability	of	 surviving	1	day	 is	given	by	p = exp(‐m)	where	m 
matches	the	daily	mortality	 rate.	The	model	copepods	suffer	mor-
tality	 rate	ms	 if	 staying	 in	 surface	waters	and	md	when	diapausing	
at	depth.	Starving	individuals	with	no	reserves	suffer	the	additional	















qualitatively	 unchanged	 as	 long	 as	mortality	 of	 juveniles	 is	 higher	
than	mortality	of	adults.
2.6 | Diapause, starvation and migration
Copepods	with	 negative	 net	 gain	G < 0	 (f = 0,	 see	 Equation	1)	 use	
lipid	reserves	to	cover	maintenance	costs	according	to
where n	indicates	whether	the	organism	is	diapausing	(n = 0)	or	ac-
tive	in	the	surface	waters	(n = 1)	and	determines	the	costs	of	main-
tenance	 and	 mortality	 rate	 as	 staying	 in	 surface	 waters	 is	 more	
risky	than	diapause	(see	the	above	paragraph).	We	assumed	that	re-








costs	 of	 migrating	 down	 Cm [μg	 carbon]	 was	 set	 proportional	 to	
the	total	mass	(x+y)	of	an	organism	according	to	Cm(x,	y)	=	−a(x + y)	








resources	 between	 allocation	 to	 growth	 and	 storage	 according	 to	
decision α	(Equation	4).
An	 increase	 in	 x	 positively	 affects	 the	 net	 carbon	 gain	 G	 (see	
Equation	1).	Consequently,	growth	in	our	model	should	be	considered	
an	investment	in	future	reproduction	as	individuals	with	larger	lean	
body	are	able	 to	assimilate	 resources	and	 reproduce	at	higher	 rate	
(see	 below).	 Immature	 organisms	 (k = 3)	 in	 surface	waters	 optimize	
timing	of	their	moult	to	adult	stage	(k	=	4)	(see	decision	γ	in	Table	1).
2.7 | Life history, allocation and behaviour of adults
Adult	organisms	in	the	surface	waters	are	able	to	build	reserves	and/
or	produce	eggs.	Those	not	reproducing	can	store	reserves	with	a	rate	
determined	by	 carbon	 gain	G(x,	 f,	T)	 (see	Equation	1).	 Reproducing	
copepods	utilize	reserves,	currently	gained	resources	or	both	for	off-
spring	production.	The	maximal	rate	of	reproduction	Rp	is	given	by
(2)y(t+1) = y(t) + (1∕Cr)G(x, f, T, n)
(3)y(t+1) = y(t) + (1∕Cr)[Cm(x, y)]
(4)y(t+1)= y(t) + (1−훼)G(x, f, T)
x(t+1)= x(t) + 훼G(x, f, T)




TA B L E  1  The	outline	of	state	variables	and	activities	that	can	be	undertaken	by	the	model	organism	in	a	given	functional	developmental	
stage	k
Developmental stage; functional k (corresponding 
biological stage) State (state variable)
Actions taken and allocation 
trade‐offs (decision parameter)
Egg	stage	k = 1	(Egg‐N2) Lean	body	mass	(x) Food	independent	growth	(no	
decisions)
Juvenile k = 2	(N3‐C2) Lean	body	mass	(x) Food‐dependent	growth	(no	decisions)





























number	 of	 produced	 eggs	 weighted	 by	 offspring	 value	 μ(tB)	 (see	
Supporting	Information	Appendix	S1).	The	offspring	value	μ	is	equiv-
alent	 to	 the	 normalized	 reproductive	 value	 at	 birth	 and	 is	 a	 func-
tion	of	 the	day	of	birth	μ(tB).	To	obtain	μ(tB)	and	 to	 find	 the	set	of	
optimal	allocation	decisions	maximizing	fitness,	we	applied	dynamic	




3.1 | High contribution to fitness by early offspring
The	dynamics	of	offspring	value	μ(t)	 that	defines	offspring	 contri-
bution	 to	 fitness	 (Figure	2a),	 was	 primarily	 dependent	 on	 season	
length.	When	the	season	is	short,	the	time	window	of	high	offspring	
value	becomes	narrow	 (Figure	2b,c).	 The	best	moment	 to	be	born	
falls	just	before	the	food	onset,	giving	time	for	offspring	to	develop	





3.2 | Size of adults emerges as a combination of 
mortality rate and season length
Before	 maturity,	 the	 modelled	 copepod	 grows	 to	 increase	 future	
fecundity	 (Equation	1).	However,	 growth	 requires	 time	 and	 the	 or-




The	 shorter	 the	 feeding	 season,	 the	 less	 time	 for	 growth	 within	
a	 year,	 and	 time	 spent	 growing	 trades	 off	with	 time	necessary	 for	
gathering	 reserves	 that	 are	 later	 used	 to	 cover	 costs	 of	migration,	
diapause	 and	 capital	 breeding.	Thus,	 changes	 in	mortality	 rate	 can	
move	the	optimal	body	size	(lean	body	mass)	to	values	that	could	only	
be	achieved	by	changing	the	number	of	seasons	dedicated	to	growth	
(Figure	3).	 This	 change	 could	 be	 a	 shortening	 or	 a	 prolongation	 of	
the	life	cycle.	The	vast	change	in	body	size	in	response	to	decreased	
risk	comes	about	through	a	prolonged	life	cycle.	Figure	3	illustrates	
how	a	 relatively	 small	 change	 in	mortality	 rate	can	cause	a	dispro-









for	 one	 or	more	 generations	 per	 year	 (i.e.,	 uni‐	 or	multivoltinism).	








3.3 | Storing for diapause and capital breeding 
trades‐off with growth
In	general,	the	shorter	the	season,	the	more	reserves	are	stored	for	
winter	 diapause	 (Figure	5a)	 and	 reproduction	 is	 only	 fuelled,	 to	 a	
meaningful	degree,	with	reserves	when	mortality	is	low	(Figure	5b).	
That	 is	 because	 at	 high	mortality	 the	 fitness	 benefit	 from	 capital	
breeding	is	lower	because	chances	of	survival	to	the	following	sea-
son	are	low	and	production	of	offspring	by	income	breeding	brings	
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4  | DISCUSSION
4.1 | Seasonality and adult body size
Variation	 in	 season	 length	 drives	 body	 size	 clines	 in	 determinate	
growers;	 a	 shorter	 season	 means	 less	 time	 available	 for	 growth	
unless	 the	 survival	 prospects	 are	 high	 enough	 so	 that	maturation	
can	 be	 postponed	 to	 the	 following	 season	 (see	 also	 Kozłowski	 &	
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In	multivoltines,	the	trade‐off	between	growth	and	storage	is	a	rel-
evant	selective	force	when	the	season	is	short	(Figure	5e).	However,	
the	 longer	 the	 season,	 the	more	 important	 is	 the	 optimization	 of	
the	 number	 vs.	 length	 of	 generations	 (Figure	4c);	 high	 number	 of	
generations	per	year	means	early	maturation	and	small	body	mass.	
Roff	 (1980)	predicted	body	size	shifts	 in	multivoltine,	semelparous	
arthropods	 arising	 from	optimization	 of	 generation	 length,	 but	 he	
did	not	consider	allocation	to	storage.	Semelparity	creates	a	strong	
selection	 force	 synchronizing	 timing	 of	 reproduction	 with	 season	
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stercoraria)	 attain	 larger	 size	 at	 shorter	 seasons	 (Blanckenhorn	 &	
Demont,	2004).	 In	general,	 the	body	 size	of	many	arthropods	 fol-
low	Bergmann’s	 rule,	 that	 is,	 increases	with	 latitude	 (Horne	 et	al.,	
2015)	or,	 as	 in	 insects,	 show	an	equiprobable	Bergmann	and	 con-
verse	Bergmann	 cline	 (Shelomi,	 2012).	Our	model	 predicts	 a	 con-
verse	Bergmann	cline	or	saw‐tooth	cline	when	background	mortality	
and	 season	 length	 are	uncorrelated	 (see	Figure	5c–e).	Overall,	 the	
predicted	 trends	 in	 body	 size	 depend	 on	 the	 assumed	 correla-





continuum	 of	 life	 cycles	 from	 multi‐	 to	 semivoltines	 can	 only	 be	














2404  |    Functional Ecology EJSMOND Et al.
maturation	would	live	only	in	safe	environments	and	are	more	likely	
to	be	selected	for	when	season	length	is	short.	Indeed,	marine	co-
pepods	or	dragonflies	at	high	 latitudes	are	 semivoltine	 in	contrast	
to	conspecifics	 living	 in	temperate	regions	 (Conover,	1988;	Corbet	
et	al.,	2006).	Stoneflies	Nemurella	sp.	display	intraspecific	variability	








4.3 | Season length and mortality risk—implications 
for life histories of marine copepods
Large	and	lipid‐rich	copepods	are	selectively	preyed	on	by	fish	and	
determine	lipid	and	energy	flow	through	marine	ecosystems	(Aksnes,	




heavier	 than	a	C. glacialis	maturing	 in	 its	2nd	year	of	 life,	and	more	
than	 10	 times	 heavier	 than	 bivoltine	C. finmarchicus	 (Falk‐Petersen	








of	 death	 at	 high	 latitudes	 (Aksnes	 et	al.,	 2004;	 Langbehn	&	Varpe,	
2017).
Our	 work	 contributes	 to	 the	 current	 discussion	 on	 climate‐
driven	 shifts	 in	 the	 life	history	of	Calanoid	 copepods	by	 showing	
that	 length	 of	 feeding	 season	 is	 not	 a	 sufficient	 factor	 for	 pre-
dicting	body	 size,	 reproductive	 strategy	 and	 voltinism	 shifts.	 The	
role	 of	 background	mortality	 rate	 cannot	 be	 underestimated	 and	
there	is	a	need	for	a	comprehensive	analysis	of	how	mortality	risk	




risk	 of	 death	 changes	with	 body	 size	 in	marine	 copepods	 (Eiane,	
Aksnes,	Ohman,	Wood,	&	Martinussen,	2002;	Ohman,	2012).	The	
size	dependence	of	risk	may	also	depend	on	the	type	of	predator	
with	 visual	 and	 tactile	 predators	 expected	 to	 select	 for	 opposed	
size	 spectra.	 Thus,	 instead	 of	 assuming	 size‐dependent	mortality	
we	 focused	 on	 the	 background	 component	 of	 mortality	 risk	 and	
considered	optimal	life	histories	with	expected	life	duration	ranging	
from	few	weeks	to	several	years.


















duction	 are	 the	 strongest	 drivers	 responsible	 for	 evolution	of	 pure	
capital	breeding	in	ectotherms	(Bonnet	et	al.,	1998).
Marine	and	 terrestrial	 arthropods	are	highly	diverse	with	 re-
spect	to	degree	of	capital	breeding	but	there	 is	a	prevailing	rep-
resentation	 of	 those	who	 combine	 income	 and	 capital	 breeding	
(Daase	 et	al.,	 2013;	 Javois,	Molleman,	 &	 Tammaru,	 2011;	 Kivela	
et	al.,	2012).	In	our	work,	capital	breeding	is	indeed	accompanied	
by	 income	breeding	and	occurs	at	 the	beginning	of	 the	breeding	
season	 (cf.	Varpe,	2017).	Egg	production	 in	 the	 later	part	of	 the	
breeding	season	is	covered	with	 incoming	resources.	Such	a	pat-
tern	has	also	been	predicted	by	earlier	life‐history	work	(Ejsmond,	
Varpe,	 Czarnoleski,	 &	 Kozłowski,	 2015;	 Varpe	 et	al.,	 2009)	 and	














reproduction	 (capital	 breeding)	 is	 a	 relevant	 fitness	 component	
when	a	narrow	 time	window	 is	 available	 for	 production	of	 early	
offspring	that	is	of	high	reproductive	value.
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